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Introduction
optimize electron or energy transfer. Supramolecular chemistry was conceived of as "chemistry beyond the molecule" and developed in the hope of understanding in detail the intermolecular interactions that will allow the precise and exquisite arrangement of molecular components in synthetic functional machines. 5 To date, this challenge has not been fully realised.
Although biological processes occur in aqueous media, they do not usually occur in aqueous solution, and the organization of molecular components in biology is not one of orienting multiple species in solution, but rather within a highly organized manifold, the phospholipid membrane. The crucial recognition that many of the most critical biological transformations occur at the interface between the membrane and aqueous medium has been crucial in developing new functional synthetic machines. 6 For synthetic approaches, the membrane-aqueous interface can be usefully replaced by the solid-aqueous interface and the choice of solid substrates may be used to optimize the arrangement of molecular components in two dimensions, to specifically tailor the chemistry by which the components are anchored to the surface, and to allow the selective addressing of components through light, electrical or other means. This technique was pioneered by Whitten, 7 Gaines 8 and coworkers who used surfactant tris(bipyridine) ruthenium(II) complexes on a solid glass substrate as water oxidation catalysts. Since then, many types of ruthenium-based water oxidation catalysts have been reported and reviewed. 9 An emerging class of compounds for water oxidation catalysis are the polyoxometallates (POMs), 10 most notably the all inorganic cobalt-containing POM reported by the Hill group in 2010, 11 which in conjunction with a ruthenium-bipyridine photosensitizer was found to be an effective water oxidation catalyst. More recently, the Hill group has investigated the possibility of water oxidation catalysis at a solid-aqueous interface where the ruthenium sensitizer is immobilized on a metal oxide surface and the POM is in aqueous solution. 12 In this paper we present a novel way of examining this system via the use of Langmuir-Blodgett (LB) films. This technique allows for transfer of ordered monolayers of both POM and the bis-or tris(bipyridine) ruthenium(II) photosensitizer onto a conducting substrate for use in a water splitting device. Mica was chosen as a test substrate because it is easy to cleave into atomically flat regions and has a negatively charged surface appropriate for the electrostatic binding of a cationic ruthenium(II) complex.
Experimental

General
Microwave reactions were carried out in a Biotage Initiator 8 reactor. Bruker Avance III-400 or Avance III-500 NMR spectrometers were used to record 1 H and 13 C NMR spectra; chemical shifts were referenced to residual solvent peaks (TMS = δ 0 ppm). Infrared spectra of solid samples were recorded using a Shimadzu 8400S instrument with Golden Gate accessory; those of the LB film samples were recorded on a Perkin Elmer FT-IR Spectrum Two spectrophotometer. Electrospray ionization (ESI) and MALDI-TOF mass spectra were recorded using Bruker esquire 3000plus and Bruker microflex spectrometers, respectively. Absorption and emission spectra were recorded with an Agilent 8453 spectrophotometer and Shimadzu RF-5301 PC spectrofluorometer, respectively. Quantum yields were determined using an absolute PL quantum yield spectrometer C11347 Quantaurus_QY (Hamamatsu), and lifetimes with a Compact Fluorescence lifetime Spectrometer C11367 Quantaurus-Tau (Hamamatsu).
Atomic force microscopy (AFM) data was obtained using a Bruker Dimension 3100 Multimode atomic force microscope (Bruker, Santa Barbara, CA) working in air, using silicon cantilevers with an Al reflective layer on the detector side, in tapping mode (Nanosensors pointprobe-plus).
Isotherms were obtained using a KSV Inc. ) λ max /nm (ε × 10 
Crystallography
Data were collected on a Bruker Kappa APEX2 diffractometer with data reduction, solution and refinement using the programs APEX2 16 and either SIR92 17 and CRYSTALS, 18 or SHELXL97. 
Preparation of Langmuir monolayers and Langmuir-Blodgett films
DODA mixtures with 1 : 0.5, 1 : 5, and 1 : 20 molar ratios dissolved in CHCl 3 were used as spreading solutions. A volume (20 to 40 µL) of these solutions was dropped carefully onto the aqueous subphase and the solvent was allowed to evaporate for 10 min prior to the start of compression experiments. To obtain pressure-area (π-A) isotherms, the films were compressed until the maximum distance was reached by the barriers. All π-A isotherms are fully reproducible. For transfer onto solid substrates, the films were compressed until they reached the 'solid' phase of the isotherm, i.e. 22 mN/m for transfer of cis-[Ru (1) . Initial experiments were performed on mica substrates (Science Services, V1 Quality 0.15-0.21 mm thickness). The mica sheets were cut to the required size (1 cm × 1.5 cm) and then freshly cleaved before immersion in the subphase. 
Results and discussion
Structure of compound 1
Compound 1 (Scheme 1) was prepared by esterification of 2,2'-bipyridine-4,4'-dicarboxylic acid using conditions based on those reported by Whitten and coworkers. 14 The assigned 1 H NMR spectrum of a CDCl 3 solution of 1 (Fig. S1 †) is given in the experimental section. Single crystals of two conformers of 1 were grown from MeOH and CHCl 3 /EtOH, respectively. Both crystallize in the triclinic space group P-1 with centrosymmetric molecules (Fig. 1) bearing alkyl chains in extended conformations. The structural determinations confirm the presence of the ester functionality linking the octadecyl chain to the bpy domain, and a symmetrical substitution pattern. Bond parameters are unexceptional. The carbonyl unit of the ester group may adopt a syn or anti conformation with respect to the 2-substituted pyridine ring to which it is bonded. Figs. 1a and 1b show the syn,syn-and anti,anti-conformers, respectively. Fig. 2 illustrates that the packing in both conformers is dominated by van der Waals interactions between the alkyl chains; there are no significant face-to-face π-stacking interactions between adjacent bpy domains. shows an intense emission at 640 nm (Fig. 4, λ exc = 438 or 482  nm) . A quantum yield of 13.5% was determined in solution with a lifetime of 886 ns, and 7% in the solid state (powdered sample) with a lifetime of 823 ns. 
Preparation of monolayers
The first step towards creating multilayer samples of [Ru (1) indicative of additional phase transitions. However, for the purposes of our investigation, these were ignored. The behaviour of Langmuir monolayers formed using [Ru (1) 2 (bpy)][PF 6 ] 2 on a pure water subphase showed marked differences from those of the neutral ruthenium complex. Fig. 5 shows that a film formed from [Ru (1) Several mixed monolayers of [Ru (1) 
Brewster Angle Microscopy
Brewster angle microscopy (BAM) was used to observe the formation of Langmuir monolayers at the air-water interface during compression of the monolayers, and to visually examine the two-dimensional organization of these monolayers, including the size and shape of the domains and the heterogeneity of the Langmuir-Blodgett films. and S3d †). Once the collapse point is reached, fully homogenous layers are observed for both complexes ( (Fig. 7b) subphases, respectively, up to pressures of 25 mN/m reveals only small differences between them (Figs. S4a versus S5a †). This is to be expected as we do not anticipate any significant interaction between the complexes and these subphases, consistent with the π-A isotherms being very similar below a pressure of 25 mN/m. Similar net-like structures are observed before compression begins, followed by a monolayer with some (Fig. S5e †) , a uniformly bright phase fully covered the surface, consistent with a homogenous monolayer.
We begin to see a marked difference between the two complexes upon inspection of the BAM images on a Co 4 POM subphase. The net-like structure observed at the precompression phase for cis-[Ru(1) 2 Cl 2 ] (Fig. S2a †) and just afterwards is replaced by channels and holes in an already, more uniform layer (Fig. S6a †) . However, the corresponding image of the film formed with [Ru(1) 2 (bpy)][PF 6 ] 2 shows a layer containing very small holes and channels (Fig. 7c) . Once compression begins (Fig. S7b †) , the layer very quickly becomes homogeneous and only a few channels remain above a pressure of 1 mN/m for both complexes (Figs. S6c-e and S7c-e †).
The BAM images of the monolayers containing [Ru(1) 2 (bpy)][PF 6 ] 2 and DODA (1 : 0.5) on a pure water subphase, show the presence of a net-like structure (Fig. 8a) immediately after compression. This is reminiscent of the netlike structure shown in Fig. 7a . This quickly compresses and small holes and channels appear as seen in Fig. S8b †. At a pressure of 1.71 mN/m, a continuous bright domain is visible (Fig. S8c †) , but by the collapse point, small pin-hole features are observed (Fig. S8e †) . The similarities observed in the BAM images for these two systems are consistent with the similarities between the isotherms of these systems (red curves in Fig. 6 ). The addition of a small amount of DODA reduces the mean molecular area at which the lift-off point occurs (232 Å 2 for
[Ru (1) (Figs. 8b-d) . As the pressure is increased, this quickly gives way to a continuous bright domain with pinhole features for all DODA mixtures (Fig. 8e) and these pinholes persist until the monolayers collapse (Figs. S9-11 †) . 29 Films were formed on mica sheets (see experimental section), and the transfer ratio was close to unity for all samples, indicating that Y-type films had been created. Atomic force microscopy (AFM) was used to directly image the surface morphology of the LB films. Langmuir-Blodgett films were formed by single or multiple dipping cycles. AFM images of LB films of cis-[Ru(1) 2 Cl 2 ] on a pure water subphase with one dipping cycle, and on a Co 4 POM subphase with one, three, and five dipping cycles. The morphology of the film formed by depositing a single layer of cis-[Ru(1) 2 Cl 2 ] from a water subphase is significantly different from that formed on a Co 4 POM subphase. The film from a pure water subphase forms distinct islands (Fig. 9a) with an average 8 | J. Name., 2012, 00, [1] [2] [3] This journal is © The Royal Society of Chemistry 2012 height of 8.8 nm. Fig. 9b shows the line profile corresponding to the line drawn through the image in Fig. 9a , and the two islands included in the profile each has a height of around 3 nm. This corresponds nicely to a diameter of 3 nm for the modelled (using Spartan '08) 30 Increasing the number of dipping cycles increases the density of the aggregates on the surface, but does not otherwise significantly impact on the morphology of the LB film. The rms values are 2.17 nm, 3.59 nm, and 3.08 nm for one, three, and five layers, respectively. The slight decrease in the rms from three to five dipping cycles can be attributed to increased loading on the surface. The average height of these aggregates increases from 3.15 nm for one dipping cycle, to 4.84 nm for three and 6.44 nm for five dipping cycles. 
Characterization of LB Films using atomic force microscopy
Conclusions
We have described the preparation and characterization of cis-[Ru(1) 2 
